Above room-temperature ͑T ജ 400 K͒ operation of GaInAs/ AlAsSb-based quantum-cascade lasers has been demonstrated. The lasers are based on vertical-transition active regions and consist of 25 periods of Ga 0.47 In 0.53 As/ AlAs 0.56 Sb 0.44 active/injection regions grown lattice-matched on InP substrates by molecular-beam epitaxy. They emit at a wavelength of ϳ 4.5 m. For a device with the size of 18 m ϫ 2.8 mm mounted substrate-side down with as-cleaved facets, a maximum peak power per facet of 750 mW has been achieved at 300 K and remains as high as 30 mW at 400 K. The characteristic temperature T 0 of the threshold current density is 171 K in the temperature range between 280 K and 400 K. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1896102͔
The search for high conduction-band-offset material systems for fabricating quantum-cascade ͑QC͒ lasers 1 operating in a wavelength range shorter than 5 m, is basically due to the lack of and consequently strong desire for robust solidstate lasers in the technologically important 3 -5 m atmospheric transparent window. Since the laser action of a QC laser based on electrons making transitions between the confined states is within the conduction band, 1 the shortest possible emission wavelength of such a QC laser is ultimately limited by the conduction-band offset between the barrier and quantum well material of the heterostructures used. In order to obtain sufficient electron confinement for the initial laser state in the active region, a higher conduction band offset, i.e. a larger quantum well depth, is necessary for short-wavelength ͑large energy separation͒ QC lasers. GaInAs/ AlAsSb heterostructures have therefore attracted much attention for the fabrication of QC lasers very recently. [2] [3] [4] [5] The attractive features of GaInAs/ AlAsSb heterostructures include the possibility of growing them latticematched ͑Ga 0.47 In 0.53 As/ AlAs 0.56 Sb 0.44 ͒ on InP substrates, with a large ⌫-valley conduction band offset of ϳ1.6 eV, 6 compared to that of 0.51 eV for lattice-matched GaInAs/ AlInAs, or 0.7 eV for strain-compensated Ga 0.38 In 0.62 As/ Al 0.6 In 0.4 As. Another attractive feature of Ga 0.47 In 0.53 As/ AlAs 0.56 Sb 0.44 heterostructures is the possibility of combining them with the well-established InP waveguide for optical confinement. Those properties have made the GaInAs/ AlAsSb material system a very prospective candidate for short-wavelength QC lasers. Revin et al. have reported intersubband electroluminescence in the 3 -5 m wavelength range up to 240 K, 2, 3 and recently QC lasers based on GaInAs/ AlAsSb emitting at ϳ 4.5 m were demonstrated with a maximum operation temperature of 240 K. 4 After the demonstration of intersubband electroluminescence from a GaInAs/ AlAsSb-based QC structure emitting at ϳ 4.5 m up to room temperature ͑300 K͒, 5 we report here the first demonstration of above-room-temperature operation of GaInAs/ AlAsSb-based QC lasers in this letter. These lasers emitting at ϳ 4.5 m could be operated in pulsed mode up to at least 400 K.
Part of the conduction band profile ͑⌫-valley͒ of two active regions connected by an injection region of the present QC laser is shown schematically in Fig. 1 is 32 = 2.61 ps. Energy level 1, which is designed to be one longitudinal optical-phonon energy of GaInAs ͑ϳ36 meV͒ below energy level 2, is intended to rapidly depopulate the final laser state level 2. As a result 21 is calculated to be only 0.48 psӶ 32 = 2.61 ps. The favorable lifetimes guarantee the efficient population inversion between level 3 and level 2, given that the electrons in level 3 are sufficiently confined. The 2.0 nm thick exit barrier ͑the fourth barrier counted from left in Fig. 1͒ together with the minigap created by the quantum-well/barrier pairs in the injection region confines the electrons in level 3 from escaping out of the active region, thus favors the optical transition from level 3 to level 2. The first miniband ͑shaded region in Fig. 1͒ , created by the same quantum-well/barrier pairs, enhances the tunneling probability of electrons from the final states ͑levels 2 and 1͒ to the next active region. Under an electric field of 8.5 ϫ 10 4 V / cm, the energy separation between level 3 and level 2 for the structure shown in Fig. 1 is calculated to be 282 meV, which corresponds to an emission wavelength of ϳ 4.4 m. Injection of electrons into level 4 which lies approximately 70 meV above level 3 of the active region is supposed to be small because of the off-resonant condition between level 4 and the ground state in the injection region.
Twenty-five periods of alternating active regions and injection regions were sandwiched between two Si-doped ͑n =1ϫ 10 17 cm −3 ͒ 400-nm separate confinement GaInAs layers. The above layer sequence was grown without growth interruption on an S-doped n-InP ͑001͒ substrate in a Varian Gen-II solid-source molecular beam epitaxy ͑MBE͒ system equipped with As-and Sb-cracker cells. Prior to the growth of the laser structure, As and Sb beam pressures as well as the Ga, In, Al fluxes were adjusted by growing single GaInAs and AlAsSb layers on InP substrates. The resulting lattice mismatch, controlled by high-resolution x-ray diffraction, was well below 2 ϫ 10 −3 for any of the single layers. After the MBE growth, the sample was transferred into a metal-organic vapor phase epitaxy ͑MOVPE͒ system to grow Si-doped InP layers ͑n =5ϫ 10 17 cm −3 , 20 nm; 2 ϫ 10 17 cm −3 , 1300 nm; 7 ϫ 10 18 cm −3 , 1300 nm͒ serving as the upper waveguide claddings and contact layers. The lower waveguide cladding is formed by the InP substrate.
Following the MOVPE growth the wafer was processed by etching double-channels of approximately 5 m width through the active region using chemically-assisted-ionbeam etching ͑CAIBE͒ to obtain 7 -34 m wide ridge waveguide structures. After depositing 350 nm thick Si 3 N 4 as the isolation layer, windows were opened for top contact formation, and Ge/ Ni/ Ge/ Ni/ Au ͑5/5/5/5/300 nm͒ followed by Ti/ Au ͑50/ 400 nm͒ was evaporated as the top contact. The substrate was then thinned down to around 110 m, and finally a backside metalization ͑Ge/ Ni/ Ge/ Ni/ Au, 5/5/5/5/300 nm͒ was deposited.
The lasers were cleaved into 2.8 mm long bars leaving the facets uncoated. After mounting the samples substrateside down onto gold-plated copper heatsinks and wire bonding, the lasers were placed on a thermoelectrical cooler for characterization. The devices were driven by current pulses of 100 ns width at a repetition rate between 1kHz and 5 kHz. The optical power emitted into a solid angle of about /10 was detected either with a liquid-nitrogen cooled InSb detector for characterization of the emission spectra using a Fourier transform spectrometer, or with a calibrated roomtemperature pyroelectric detector for direct power measurement.
The investigated QC lasers operate in pulsed mode at a wavelength of ϳ 4.5 m up to at least 400 K ͑127°C͒, which is the maximum temperature available with our setup. Figure 2 shows typical light output versus injection current ͑L -I͒ dependencies for a device with a ridge size of 18 m ϫ 2.8 mm recorded at various heat-sink temperatures, as well as the voltage-current ͑V -I͒ characteristic at 300 K. The maximum peak power per facet is around 750 mW at 300 K ͑27°C͒. At 400 K a peak output power of about 30 mW per facet is obtained.
The threshold current amounts to 2.3 A at 280 K, 2.6 A at 300 K, and 4.7 A at 400 K, respectively. These values are equivalent to threshold current densities of 4.5 kA/ cm 2 , 5.2 kA/ cm 2 , and 9.2 kA/ cm 2 , at the respective temperatures. The slope efficiencies of the device, taking into account light emission from only one as-cleaved facet, are 389 mW/ A, 333 mW/ A, and 35 mW/ A at 280 K, 300 K, and 400 K, respectively. The threshold current as a function of heat-sink temperature is plotted in Fig. 3 . The exponential fit of the measured data yields a characteristic temperature T 0 of 171 K. We would like to notice that these threshold current densities are still too high for high-temperature continuouswave operation, and improvement is undergoing by optimizing the design. Figure 4 shows the emission spectra of this device at heat-sink temperatures of 300 K and 400 K, respectively. The maximum position of the multimode spectra is 2200 cm −1 ͑ ϳ 4.54 m͒ and 2176 cm −1 ͑ ϳ 4.59 m͒ at 300 K and 400 K, respectively. The measured peak wavelength is in excellent agreement with the design value of ϳ 4.4 m ͑at 100 K the wavelength is measured to be 4.37 m͒. The longitudinal multimode behavior of the spectra is a typical characteristic of devices with Fabry-Perot cavities. The mode separation of 0.55 cm −1 is consistent with the cavity length of 2.8 mm and calculated effective index of 3.24 for this device.
In summary, we have demonstrated high temperature ͑T ജ 400 K͒ operation of GaInAs/ AlAsSb-based quantumcascade lasers emitting at ϳ 4.5 m. The maximum peak power per facet is around 750 mW at 300 K and still 30 mW at 400 K for a 2.8 mm long and 18 m wide ridgewaveguide device with as-cleaved facets. The characteristic temperature of the laser is 171 K in the temperature range between 280 K and 400 K.
